The adsorption of ion-association complexes on a carbon paste electrode (CPE) was investigated by cyclic voltammetry using an electroactive hydrophobic anion probe. The redox reactions of 2-(5-bromo-2-pyridyl)azo-5-[N-n-propyl-N-(3-sulfopropyl)amino]phenol (5-Br-PAPS), the analytical probe, were irreversible. The reduction of the azo group and the oxidation of the phenol were observed at -0.1 V and 0.9 V vs. SCE, respectively, in a 0.1 mol L -1 H2SO4 solution. The peak currents for the redox reaction increased with the concentration of the cationic surfactant and the accumulation time. The increase in the ratio of the peak current to the concentration of cationic surfactants was proportional to the hydrophobicity. The peak current for 5-Br-PAPS also increased when a polycation, polyhexamethylene biguanide hydrochloride, was added and was strongly dependent on the ionic strength and pH, in contrast to cationic surfactants.
In particular, spectrophotometric solvent extraction using ionic dyes is a powerful analytical tool to determine organic ions and bulky inorganic ions. Many spectrophotometric determinations for cationic surfactants have been reported and improved. [3] [4] [5] [6] However, the use of large volumes of harmful solvents was problematic, and improvements in reducing harmful solvents have been continued. Cationic surfactant ion sensors based on ion exchanging, like the ion-association reaction, were also useful to reduce the solvent. [7] [8] [9] [10] A typical carbon paste electrode (CPE), in which carbon powder is intimately mixed with a pasting liquid, has a surface that is essentially coated with a microfilm of the pasting liquid. 11, 12 Several investigations have been reported, in which the characteristics of CPEs are described, along with the chemical and topographical heterogeneity of CPEs. [13] [14] [15] [16] Although the surface of a CPE is considered to be complex, we previously reported that the surface between the CPE and an aqueous solution behaved in a way similar to an air-liquid or liquid-liquid surface when 11-ferrocenytrimethyl-undecylammonium (FeTMUA) was adsorbed. 17 In a previous study, adsorptive voltammetry was applied to electroanalytically examine the ion-association reaction, and we reported on adsorptive voltammetric measurements of anionic surfactants using FeTMUA as an electroanalytical probe. 18 In contrast to ordinary solvent extraction, the method indicated a high selectivity of the anionic surfactant. In addition, the method was applied to the adsorptive voltammetric determination of poly(vinyl sulfate) and heparin using FeTMUA at the CPE. 19, 20 On the other hand, ion-transfer voltammetries with a two-phase extraction have also been reported to be useful in determining more than several dozen mg L -1 of polyelectrolytes. [21] [22] [23] [24] Adsorptive voltammetry, however, is capable of measuring trace amounts of polyelectrolytes at concentrations of less than 1 mg L -1 because of their accumulation. 19 Therefore, adsorptive voltammetry exhibits a high sensitivity based on the accumulation of the analyte. In addition, the volume of organic solvent consumed is quite small for each determination.
In this paper, we report on the adsorptive voltammetry of an ion-association reaction at a CPE using an electroactive hydrophobic anion as an electroanalytical probe for hydrophobic cations. The ideal electroanalytical probe should be a bifunctional anion that contains both redox and hydrophobic groups. In this study, we used 2-(5-bromo-2-pyridyl)azo-5-[N-n-propyl-N-(3-sulfopropyl)amino]phenol (5-Br-PAPS) as an adaptable anion.
The adsorption voltammogram of 5-Br-PAPS was first characterized and the adsorption of the ion-association complex onto the CPE was then investigated using cationic surfactants and a polycation.
Experimental

Apparatus
Voltammetric measurements were performed using a CV-50W instrument (Bioanalytical Systems Inc., USA). A CPE (Model No. 11-2210, φ3 mm, Bioanalytical Systems Inc.) was used as the working electrode (see Preparation and procedure). A platinum wire was used as the counter electrode, in conjunction with a saturated calomel electrode (RE-2B, Bioanalytical Systems Inc.) as the reference electrode.
Reagents
Sodium salts of 5-Br-PAPS, and the chloride salt of tetradecyldimethylbenzylammonium (Zeph) were purchased from Dojin Chemical Lab., Japan.
The chloride salts of dodecyltrimethylammonium (C12TMA), tetradecyltrimethyl-ammonium (C14TMA), cetyltrimethylammonium (C16TMA), trimethylstearylammonium (C18TMA), dodecylpyridinium (C12Py), cetylpyridinium (C16Py), benzethonium (Benz) were purchased from Tokyo Kasei Kogyo Co., Ltd. Polyhexamethylene biguanide hydrochloride (PHMB-HCl) was a 20% solution obtained from Avecia.
Preparation and procedure
One gram of graphite powder (TGP, Tokai Carbon Co., Japan) was mixed with 500 μL of di-n-octylphtalate (DOP) (Wako Pure Chemical Co., Japan) in a mortar. A portion of the paste was packed into the cavity of a CPE (φ3 mm). The surface of the electrode was smoothed with waxed paper. Each measurement was carried out using a freshly prepared electrode surface.
Accumulation of the ion-association complex and voltammetry were carried out at 20 ± 0.1˚C using a water-jacketed cell (Bioanalytical Systems Inc., USA). A 10-mL volume of a 0.1 mol L -1 H2SO4 solution in the cell was bubbled with nitrogen for 10 min; an adequate amount of cationic surfactant or polycation solution (1 mequiv. mol L -1 ) was an added with stirring for 3 min; and 100 μL of a 5Br-PAPS solution (1 mmol L -1 ) was then added with further stirring for 5 min. The CPE was then immersed in the sample solution. After constantly stirring the sample solution for 9.75 min in the absence of any applied potential in water, followed by a rest period of 15 s, the redox response was recorded by cyclic voltammetry, starting at 0 V in the region of -1.0 V to 1.0 V at a scan rate of 100 mV s -1 .
Results and Discussion
Cyclic voltammetry of 5-Br-PAPS
5-Br-PAPS, a pyridylazo compound, is a well-known analytical chelating reagent. [24] [25] [26] [27] [28] It is endowed with two redox groups: an azo and a phenol group, as shown in Fig. 1 . The desulfonated, 2-(5-bromo-2-pyridylazo)-5-diethylamino phenol is less soluble in water. 29 Thus, 5-Br-PAPS is both a hydrophobic anion and an anionic surfactant.
Adsorptive voltammograms of 5-Br-PAPS in a 0.1 mol L -1 H2SO4 solution are shown in Fig. 2A , in which the direction of the potential scan was 0 V → -1 V → 1 V. The reduction of the azo group was observed at -0.1 V vs. SCE and the oxidation of the phenol group occurred at 0.9 V vs. SCE. Both redox waves were also observed in the reverse direction of the potential scan (0 V → 1 V → -1 V). In addition, a very small redox wave near 0.2 V appeared after reduction. In the reverse scan direction, however, the 0.2 V wave disappeared. The voltammograms shown in Fig. 2 display a significant extinction of both counter waves. These results indicate that the redox reaction of 5-Br-PAPS accompanies the following reaction. Unstable hydrazo intermediates have been reported in the case of the reduction of aromatic azo compounds during polarography. [30] [31] [32] The electrode reaction of dimethylaminoazobenzene involves two electrons:
However, an irreversible disproportionation of the reduced dimethylaminoazo compound also occurs.
(2) Four electrons and four protons are consumed in the overall reaction as the result of disproportionation.
A similar mechanism for the reduction of 5-Br-PAPS would be expected at the CPE.
The peak currents were not linearly proportional to the square root of the scan rate, v 1/2 , and the scan rate, v. Both redox currents were decreased by a bicyclic scan. Therefore, the behavior indicates that the electrode reaction was irreversible and adsorptive. Figure 3 shows voltammograms for 5-Br-PAPS in acidic solutions. The potentials become more negative at a higher pH. In addition, two waves are observed at a high pH. Figure 4 shows the peak potentials of the azo waves. The slope of the first waves was 0.11 V per pH unit in an acidic solution (Fig. 4) . This value is approximately consistent with the pH shifts of E1/2 for 4-dimethylaminoazobenzene and 4-1578 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 ). Arrows indicate the scan direction of the scan. aminoazobenzene, 33 0.095 and 0.11, respectively, a similar compound used in polarography measurement.
Adsorptive voltammetry of 5-Br-PAPS in the presence of Zeph
Both redox currents are increased in the presence of Zeph, as shown in Fig. 2B . This indicates that the amounts of 5-Br-PAPS adsorbed increase at the CPE. The peak currents were also not linearly proportional to the square root of the scan rate, v 1/2 , and the scan rate, v. As a preliminary examination for the complexation between 5-Br-PAPS and Zeph, its solvent extraction with DOP was tested at a concentration of 10 -5 mol L -1 5-Br-PAPS in a 0.01 mol L -1 H2SO4 solution. The amount of 5-Br-PAPS extracted was clearly increasing with the addition amount of Zeph. Therefore, the complex between 5-Br-PAPS and Zeph may adsorb on, and be extracted with, the CPE. The peak potential shifts to a negative value, and the adsorption free energy increases. Figure 5 shows the dependence of the reduction peak current on the accumulation time at pH 6.8 in a 0.1 mol L -1 phosphate buffer solution. Although the peak current without Zeph is nearly constant for a period of more than 3 min, the peak current with Zeph increases strongly with the accumulation time. Such an accumulation effect of Zeph was also observed at pH 1.8 in a 0.1 mol L -1 H2SO4 solution and at pH 4.5 in a 0.1 mol L -1 acetate buffer solution.
Accumulation of 5-Br-PAPS in the presence of various cationic surfactants
The concentration of the cationic surfactant can have an effect on the 5-Br-PAPS redox current. Figure 6 shows calibration curves based on the reduction peak current for each concentration of cationic surfactant at pH 1.8. The peak current increases nearly linearly with the concentration of the cationic surfactant in the range from 10 -6 to 10 -5 mol L -1 . In the presence of octadecyltrimethyl ammonium, the slope of the calibration curve is the largest. Among cationic surfactants with the same cationic group, the slope increases with the number of CH2 groups. The hydrophobic interactions may dominate both the adsorption and the extraction.
Adsorptive voltammetry of 5-Br-PAPS in the presence of PHMB-HCl
Polycations also form polyelectrolyte complexes with 5-Br-PAPS. Figure 7 shows adsorptive voltammograms for 5-Br-PAPA in the presence of PHMB-HCl, an antiseptic polymer used in cosmetics, toiletries, detergents, and sanitizers. . C12TMA, dodecyltrimethylammonium chloride; C12Py, dodecylpyridinium chloride; C14TMA, tetradecyltrimethylammonium chloride; Benz, benzethonium chloride; Zeph, tetradecyldimethylbenzylammonium chloride; C16TMA, cetyltrimethylammonium chloride; C16Py, cetylpyridinium chloride; C18TMA, trimethylstearylammonium chloride. Figure 8 shows calibration curves from 10 -6 to 10 -5 equiv. mol L -1 . The increasing current for PHMB-HCl is fairly small in a 0.1 mol L -1 H2SO4 solution. In a 0.01 mol L -1 H2SO4 solution, although the current increase decreases at high concentrations, the PHMB-HCl slope is large in the region of 1 × 10 -6 -7 × 10 -6 equiv. mol L -1 . In a comparison of the curves at pH 2.4, the addition of Na2SO4 also reduces the peak current. However, the slope for Zeph in a 0.01 mol L -1 H2SO4 solution was somewhat similar to that in a 0.1 mol L -1 H2SO4 solution. In studies of dodecylbenzenesulfonate-polycation complexes with vinyl polyamines, 35 an increase in the ionic strength strongly reduced the degree of complexation as well as complexes between oppositely charged polyelectrolytes. 36 The strong ionic-strength dependence of an ionic surfactantpolyelectrolyte complex is related to a specific ion association, which is largely due to electrostatic forces with cooperative interactions. 37 In conclusion, in the present method using 5-Br-PAPS as an electroanalytical probe ion, adsorption voltammetry can be used to measure the concentration of cationic surfactants with long alkyl chains. The reduction peak current increased with the pH. The slope of the calibration curves was compared to hydrophobicity scales. In particular, for octadecyltrimethylammonium, the slope was very large. Such a large slope suggests that electroanalysis by adsorption voltammetry using an electroactive and hydrophobic probe ion has considerable promise as an analytical method. If a probe anion that is more hydrophobic than 5-Br-PAPS is used, the calibration curve will likely have a large slope. The voltammogram of 5-Br-PAPS in the presence of PHMB-HCl was strongly affected by both the pH and the ionic strength. ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 
